K in e tic s a n d M e c h a n is m le a d in g to D im e r ic R e d o x P r o d u c t s o f 4 -N itro s o b e n z a ld e h y d e in A lk a lin e D i o x a n e -W a t e r M e d ia Dedicated to Prof. Dr. Y. Iskander on the occasion of his 70th birthday A Cannizzaro disproportionation reaction of 4-nitrosobenzaldehyde (I) and sodium hydroxide in dioxane-water media is kinetically studies by UV-Vis. absorption spectroscopy. The reaction did not give the expected products, namely 4-nitrosobenzyl alcohol and 4-nitrosobenzoic acid, but gave equimolecular quantities of 4,4'-diformylazoxybenzene (II) and 4,4'-dicarboxyazoxybenzene (III) and was found to exhibit third-order kinetics, second-order in aldehyde and firstorder in base. The rate constants as well as the activation thermodynamic parameters were calcu lated for different temperatures and different dioxane-water compositions, and discussed on the bases of dielectric constant, viscosity and heat of mixing of the medium components. The rate determining step is a hydride ion transfer from the adduct (formed from the attack of one hydroxide ion on molecule of I) to another molecule of I. A mechanism is given to explain the formation of the end reaction products.
Introduction
The change of nitroaromatics into azoxy-and azobenzene structures has been known for many decades [1] [2] [3] [4] [5] . 4-Nitrophenylacetic acid reacts in aqueous methanolic alkali to give a mixture of dioxalo-azo and -azoxybenzenes [6] while the action of aqueous alkali on 4-nitrobenzyl-pyridinium salts [7] or -thioacids [8] gives 4, . The reported mechanisms were only schematic speculations that lead to the end products. 4-Ni trosobenzaldehyde (I) was expected to be a pre cursor for II [8] . Therefore, in the present work the reaction of sodium hydroxide with I in dioxanewater media was studied in order to see whether the expected products out of the Cannizzaro reaction, namely 4-nitrosobenzyl alcohol and 4-nitrosobenzoic acid, could change in the reaction medium to give the final reaction products. In fact sodium hydroxide reacts with a-(4-nitrobenzylthio)acetic acid to give 4,4'-diformylazoxybenzene (II), 4,4'-dicarboxyazoxybenzene and a nitrone acid [9] . o . Q c h o 0hc( > ) = n o Experimental Materials 4-Nitrosobenzaldehyde was prepared by a modi fication of the method described by Alway [10] : 4.0 g (0.026 M) of 4-nitrobenzaldehyde in 50 ml methanol and 6.0 ml glacial acetic acid was treated with 4.0 g zinc dust, in portions, with stirring at 60 °C. The produced yellow-orange solution was oxidised by heating with 50 ml of 10% potassium dichromate solution and 50 ml of 10% sulfuric acid for 20 min. The solution was diluted with water, and the precipitated solid was steam distilled, which gave 4-nitrosobenzaldehyde (3.1 g) which after three crystallisations from acetone gave a product with melting point 139-140 °C ([10] m.p. 137.5), IR (KBr disk): 1700 (C=0), 1600 cm"1 (N=0); UV (CH3OH): Amax = 290nrn log £ = 3.996; 'H-NMR (CDC13): < 3 = 8.2-8.4 (m, 4H, aromatic), 10.98 (s, H, CHO) . 4, 65.9: H, 3.9; N, 11.07. Calc. for C14H, oN203: C, 66.1; H, 3.9; N, 11.02%) . IR (KBr disk): 1700 (C=0), 1425 (N = N) and 1295 cm"1 (N-O); UV (dioxane) ;.max = 332 nm logs -4.44; 'H-NMR (d6-DMSO): <5=8. 8H. aromatic), 2H, CHO) . Acidifica tion of the alkaline filtrate with dilute sulfuric acid gave a yellow acid which was crystallised from acetic acid. m.p. > 360 °C. It was identified as 4,4'-dicarboxyazoxybenzene [6, 12] .
Symmetrical 1,4-dixoane was purified as described in the literature [13, 14] , The water used in the preparation of solutions and in the kinetic runs was freshly distilled from alkaline potassium permanga nate.
Kinetic Procedure
The reaction was followed by measuring the ultraviolet-visible absorption at 380 nm using a Unicam 1805 SP spectrophotometer coupled with an ultrathermostate. One ml of each of the reactant solutions, 4-nitrosobenzaldehyde (2 x 10"3 mol 1_1 in appropriate dioxane-water mixture) and sodium hydroxide (4 x 10"3 mole l"1 in water) were sepa rately introduced into the two parts of the two compartment cell (Hellma, 238-QS) and thermostated for 15 min. After shaking the cell contents, 5-10 sec, the absorption of the mixture was re corded at suitable time intervals.
The amount, x, of reacted 4-nitrosobenzaldehyde was calculated by applying the equation
where A is the absorption of the mixture, / is the cell thickness (0.437 cm), a is the initial concentration of 4-nitrosobenzaldehyde, which was always taken as 1 x 10-3 m oleF1, £,= 549. £2 = 5143 and e3 = 5200 1 mole"1 cm"1 are the molar extinction coefficients of 4-nitrosobenzaldehyde (I), 4,4'-diformylazoxybenzene (II) and 4,4'-dicarboxyazoxybenzene (III) respectively.
Results and Calculations
The third order rate constant k3 (l2 mole"2 sec"1) was calculated from the equation [15, 16] 
where .y is the concentration of the reacted 4-ni trosobenzaldehyde at time t, and a and b are the initial concentrations of 4-nitrosobenzaldehyde and sodium hydroxide, respectively. The reaction was followed to not less than 85% completion in various dioxane-water mixtures, 20-50% (w/w), at 35, 45, 55 and 65 °C. Data for a typical run are given in Table 1 , and the values of k3 are collected in Table 2 where A H A S * and are in Jmole-1, Jrnole"1 deg-1 and l2 mole-2 sec-1, respectively. The activa tion thermodynamic parameters are collected in Table 3 .
Discussion
The reaction between 4-nitrosobenzaldehyde and sodium hydroxide in dioxane-water media is a clear kinetic reaction. The absorption vs. time curves of the reaction runs are identical to that for artificial standard solutions of reactants and products (having the same concentration as the original kinetic run), indicating that the intermediates have no absorp tion to overlap with the reactants and products absorptions (Figure 1) .
In order to get a full picture of the mechanism of such a dimeric redox system, the kinetics were studied in different media containing varying di oxane-water percentages. The reaction was found to obey a third-order rate law, second-order in 4-ni- trosobenzaldehyde and first-order in sodium hy droxide. The transition state is formed form the approach of the adduct (formed form the attack of one hydroxide ion on to the carbonyl carbon of one molecule of aldehyde (I)) to another molecule of (I). The rate determining step is the hydride ion transfer from the adduct to the other molecule of (I) thus indicates that the mutual attraction between water leading to 4-nitrosobenzylalcoholate and 4-nitrosoand dioxane is much weaker at lower dioxane conbenzoic acid. That is, the rate determining step is tent, and that the water molecules are more readly the autoredox Cannizzaro reaction.
available for solvation than in case of higher dioxane The third order rate constant values k3, Table 2 , content. Thus the transition state will be more solshow a remarkable variation with solvent composivated at low dioxane content and hence less ener--tion. Ih general, these values increase with rising the getic. water content of the reaction medium, and a maxi mum was observed near 30% dioxane-water.
The increase of the rate constant with increasing dielectric constant of the reaction medium (Fig. 2) indicates that the transition state (IV) is more polar than the reactants. The carbonyl groups of both aldehyde molecules in (IV) are likely to be polarised by hydrogen bonding to water molecules [20] , this increases the reaction rate with increasing the water content of the reaction medium.
The values of the dielectric constant are taken or interpolated from the data of Akerlof [21] for dif ferent solvent mixtures.
Application of the electrostatic theories, either ion-molecular dipole interaction [22, 23] by plotting log A3 against 1 /D. or molecular dipole-molecular dipole interaction [24, 25] by plotting log against (D -\)/(2D + 1), gave poor linearity in the low range of the dielectric constant for all the applied temperatures. Similar behaviour had been attri buted to solvent sorting or preferential solvation of the activated complex by water [26, 21] . The obser vation of a maximum in rate constant near 30% dioxane-water (w/w) was undoubtly due to the participation of other factors besides the dielectric constant. The hydride ion transfer in the transition state (IV) is an intermolecular process, therefore the increase of the viscosity of the reaction medium should enhance the reaction rate. The viscosity of dioxane-water mixtures has a maximum near 30% (w/w). Table 4 , which has been attributed to struc ture promotion [28, 29] ,
The mixing of dioxane and water is endothermic at high molar concentrations of dioxane but exo thermic at low dixoane concentration [30, 31] . This The activation energies for different dioxanewater mixtures (cf. Table 2 ) lie in the range char acteristic for the Cannizzaro reaction [32, 33] . The energy of activation shows a minimum at nearly 30% dioxane-water, which is also due to the solva tion of the transition state (IV) and to the maximum viscosity at this solvent composition.
The thermodynamic parameters, free energies AG*, enthalpies AH* and entropies AS* of activa tion are collected in Table 3 . In general, AG* increases as water is added and AH* shows a minimum near 30% dioxane-water mixture. The entropy-of activation has a large negative value characteristic for hydride ion transfer and decreases regularly as the transition state is organised by solvation, that is at high water concentrations.
In order to give a full picture for the mechanism of such a reaction we have concentrated mainly on three steps; (i) the transformation of 4-nitrosobenz aldehyde, via Cannizzaro reaction, to 4-nitrosobenzylalcohol and 4-nitrsosbenzoic acid, (ii) the transformation of 4-nitrosobenzylalcohol to 4,4'-diformylazoxybenzene and (iii) the transformation of 4-nitrosobenzoic acid to 4,4'-dicarboxyazoxybenzene.
The kinetic data, rate constants (/c3) and the activation thermodynamic parameters show that the rate determining step is the hydride ion transfer in the transition state (IV). This step leads to the for mation of 4-nitrosobenzylalcohol and 4-nitrosoben zoic acid.
It is worth mentioning here that radical chain mecha nisms have been proposed for the Cannizzaro reaction [34, 35] but were excluded because radical initiators, benzoyl or sodium peroxide, or inhibitors, hydroquinone or diphenylamine, have no effect on the rate [36]. Swain et al. [20] recently reported that when the reaction was carried out in deuterium oxide, the alcohol produced from the Cannizzaro reaction of benzaldehyde or formaldehyde contains no carbon-bound deuterium; this excludes all mechanisms involving a hydride ion transfer from or to oxygen atoms.
The formation of azoxy compounds from aromatic nitroso compounds and aryl hydroxylamines, the so called azoxy coupling reaction, proceeds by way of a symmetrical intermediate with chemically equiv alent nitrogen atoms [37] [38] [39] [40] , which has a structure of bis-anion (VII) in akaline medium.
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